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Climatic factors influence a variety of ecological processes determining patterns of species density and distribution in a wide range of terrestrial ecosystems. We review the effects of the NAO on processes and patterns of terrestrial ecosystems, including both plants and animals. In plants, the NAO index correlates with date of first flowering, tree ring growth and with quality of agricultural crops (wheat and wine grapes). Also, breeding dates are earlier after high NAO index winters for amphibians and birds in Europe. Population dynamical consequences of the NAO have also been reported for birds, and the differential impact of the NAO on two similar species may prevent competitive exclusion. Different effects of the NAO on large herbivore populations have been reported for different regions, depending on limiting factors and the correlation with local weather parameters. The NAO synchronizes population dynamics of lynx and some other carnivore populations in the eastern U.S. Most effects are on an ecological time scale; the evolutionary consequences of long term trends in the NAO are poorly documented. Important for predator and prey dynamics is (1) the disruption of phenology (the match-mismatch hypothesis), (2) that there may be delayed effects (cohort-effects), and (3) that effects of the NAO may interact with other factors such as density. We discuss the challenges related to nonlinearity, of using different climate indices, and how we can progress using these pattern-oriented NAO studies at coarse scales to conduct better process-oriented small-scale experiments.
INTRODUCTION
It has long been recognized that climatic factors may have a profound influence on a variety of ecological processes determining both species density and distribution in a wide range of terrestrial ecosystems. During the last few years there has been a dramatic increase in the number of studies documenting the impact of large-scale climatic variability, such as the El Niño-Southern Oscillation (ENSO) [Philander, 1990] and the North Atlantic Oscillation (NAO) [Hurrell, 1995] . For ENSO two reviews have recently been published [Holmgren et al., 2001; Jaksic, 2001 ]. Here we review the reported effects of the NAO on processes and patterns of terrestrial ecosystems.
The impacts of climate on individuals and populations are through variations in local weather parameters, such as temperature, wind, rain and snow, and interactions among weather parameters and biotic factors. Such local weather variations are, however, often governed by climatological phenomena extending over large geographic areas. Interaction between the ocean and atmosphere may form dynamical systems, exhibiting complex patterns of variation, which may profoundly influence ecological processes in a number of ways [Ottersen et al., 2001] . A composed function involving a variety of climatic parameters over time and space may prove useful to improve our understanding of the ecological impacts of climate. The NAO may be considered to represent such an integrated measure of climate, not the least since it incorporates several climatological features in the North Atlantic region.
Furthermore, the increasing focus on global warming and its ecological consequences [e.g., Hughes, 2000; McCarty, 2001] provides additional reasons to relate the NAO to ecosystem functioning. If the recent increasing trend in the NAO index is somehow linked to global warming, as for instance suggested by Hurrell et al. [2001] , the NAO might indeed be a better measure than more local climatic variables at predicting future effects of global climatic change, on the scale of continents or subcontinents. The effect of global change may increase temperatures locally in some regions, while leading to cooler conditions in other regions -differential effects that indeed may be linked up by the NAO. Some of the possible ecological effects of the NAO [Post et al., 1999a; Forchhammer, 2001; Ottersen et al., 2001] as well as ecological effects of climatic factors in general [Saether, 1997; Crawford, 2000; McCarty, 2001; Hughes, 2000; Weladji et al., 2002] have already been reviewed. None of these papers, however, are in-depth reviews on terrestrial ecosystems; rather they either provide general overviews of the field or are fairly selective in the material they review. Further, essentially all previous studies and reviews have only considered linear relationships between the NAO and ecological processes. Little focus has also been put on the many possible pitfalls when analysing timeseries of data. A more in-depth review of the effects of the NAO on terrestrial ecosystems is thus warranted -hence, this review.
As described in other parts of this Monograph [e.g. Hurrell et al., this volume] , the NAO is a large-scale fluctuation in atmospheric pressure difference between the subtropical North Atlantic region (centered on the Azores) and the sub-polar North Atlantic region (centered on Iceland) mainly affecting winter climate. The increased pressure difference reflected in high (or positive) NAO index months corresponds to more and stronger winter storms crossing the Atlantic Ocean along a more northerly track leading to high temperatures in Western Europe and low temperatures in eastern coastal Canada [Mann and Lazier, 1991] . A lowindex (or negative) NAO-phase leads to the opposite conditions. Ecologists must be aware of this geographically differential impact of the NAO. That is, the correlation of temperature, wind, and precipitation with the NAO varies between regions [Dickson et al., 2000] . Therefore, the value of the NAO as a proxy varies regionally and has to be evaluated when studying specific areas. This is so on the full North Atlantic scale, regionally, and locally according to altitude [e.g., Mysterud et al., 2000] .
We first provide an overview of reported patterns relating to the effects of the NAO on terrestrial ecosystems. This part is organized as a typical natural historian would see it, with a marked focus on taxonomic groups rather than the mechanisms or specific population ecological phenomenon under study. This does not only reflect our genuine interest in patterns of different taxa, but also that studies relating the NAO to specific mechanisms at present is often, but not always, somewhat speculative. Although we aim at covering the reported patterns rather comprehensively, we do not aim at providing a full review of how (i.e., mechanisms) climate may affect terrestrial ecosystems. At most we try to suggest which mechanisms might plausibly be involved. At the very end we conclude with a discussion on emerging insights of the patterns observed and look to future challenges.
IMPACTS OF THE NAO ON TERRESTRIAL ECOSYSTEMS
An overview of the relationships between the NAO and different biological variables are listed in Table 1 . In the following, we provide a closer description of these studies.
Plants
Predicted responses of plants to climatic warming include an earlier and longer annual growing season [Menzel and Fabian, 1999] , changes in biomass production [Myneni et al., 1997] , increased distribution range [Sturm et al., 2001] , increased [Saetersdal et al., 1998 ] or decreased [Crawford, 2000] species richness, increased rates of population growth, and altered timing of plant dynamics [Post and Stenseth, 1999] . From experimental work, it is known that increased temperature may advance key phenological events such as leaf bud burst and flowering [Arft et al., 1999] . Changes in phenology (seasonal activity driven by environmental factors) from year to year may be a sensitive and easily observable indicator of changes in the biosphere [Menzel and Fabian, 1999] . As a result most work on plants as it relates to the NAO has been done on phenology.
2.1.1. Phenology. The most extensive data set on phenological development that has been analysed with regard to the effect of the NAO [see Post and Stenseth, 1999] , is based on reports of annual dates of first flowering from 43 species of herbaceous and woody plants in 37 sites in Norway for the time period 1928 until 1977 [Lauscher and Lauscher, 1990] [Post and Stenseth, 1999] .
Timing of flowering varied more strongly with the NAO in southern than in northern Norway (for Anemone nemorosa, A. hepatica, and Vaccinium myrtillus) , and more at lower elevations (for Tussilago farfara). Correlations between flowering dates of Caltha palustris and the NAO were unrelated to latitude, longitude and elevation [Post and Stenseth, 1999] .
At Helle, southern Norway, timing of flowering by 10 of 12 species was negatively related to the NAO index. The flowering season for 4 of 11 species at Helle was prolonged following warm, wet winters by 18.8 days for Anemone hepatica, 17.1 days for Tussilago farfara, and 13.4 days for Caltha palustris. Within years, the spatial variability of timing of flowering across sites increased with the NAO index for Anemone nemorosa, Calluna vulgaris, Vaccinium myrtillus, Tussilago farfara, Caltha palustris, and, marginally, Anemone hepatica. Early-blooming plants were more strongly influenced by the NAO than late-blooming plants. Also, the length of flowering by early-blooming plants exhibited a greater degree of correlation with the NAO index than did the length of flowering by late-blooming plants [Post and Stenseth, 1999] .
A comparison of correlation coefficients suggests that responses of plants to the NAO were slight compared to plant responses to local weather in other studies. Still, the advance in onset of flowering may increase the number of flowers produced, the number and size of seeds, and the survival of seedlings. Prolonged flowering season at the scale observed in response to the NAO enhanced flower production, seed set, and seedling recruitment in other studies [Post and Stenseth, 1999] .
On the same dataset [Lauscher and Lauscher, 1990] , annual dates of first flowering by Anemone nemorosa, A. hepatica and Tussilago farfara in 26 populations in Norway, a general autoregressive model of the timing of life-history events in relation to variation in the NAO was developed [Post et al., 2001a] . Consistent with earlier studies, plants in most populations and all three species bloomed earlier following warmer winters. Earlier blooming may reflect increasing influences of resources and density-dependent population limitation with an increasing NAO index [Post et al., 2001a] . The degree of reproductive asynchrony of these 3 species also increased with the magnitude of the large-scale environmental disturbance (including effects of the NAO [Post et al., 2001b] ].
Growth of tree-rings.
The relationship between the NAO and tree rings in the European beech (Fagus sylvatica) has been reported [Piovesan and Schirone, 2000] . Prewhitened tree-ring chronologies respond mainly to summer precipitation and they do not correlate in a significant manner with the (winter) NAO. In this high-frequency pattern the NAO signs are only found on a small number of rings characterized by being very narrow or wide. By contrast, tree-ring width chronologies in which all the frequency components are conserved were significantly related to the NAO. The inverse correlation between actual measurements of ring width and NAO is probably a consequence of the availability of water in the soil at the beginning of the growing season. In the Mediterranean area the recharging of soil moisture depends on the amount of winter precipitation, which is inversely correlated with the NAO in this region. Strong signals of winter precipitation and the NAO are found in the low-frequency components of tree-ring growth [Piovesan and Schirone, 2000] . Scots pine (Pinus sylvestris) tree-rings in Fennoscandia were also significantly related to variations in the winter NAO [D'Arrigo et al., 1993] .
In Flatanger, central Norway, Norway spruce (Picea abies) tree rings were not related to the NAO during the period 1873-1997, except for the period 1920-1940 when there was a negative relationship between growth and the NAO [Solberg et al., 2002] . Diameter of tree rings in fir (Abies balsamea) at Isle Royale, USA, was negatively related to the NAO of current and previous year [Post et al., 1999d] . Furthermore, links between tree rings (a variety of chronologies) and the NAO index have been used to backtrack the NAO [Cook et al., 1998; see also Jones et al., 2001] . It is likely that the climatic variable most strongly related to tree ring width will vary from location to location depending on growth at a particular site [Solberg et al., 2002] .
Agricultural crops.
The prospect of using the NAO to predict effects on economically important crops is of great interest. The quality of the wheat in the U.K., as indexed by alpha-amylase activity with the Hagberg falling number (HFN) and specific weight, was positively correlated with the NAO [Kettlewell et al., 1999] , but there was no relationship with protein concentration (a third index of quality). These three measures of quality are used by the U.K. flour milling and baking industry to determine whether wheat grain is suitable for baking and should be purchased. The difference between the indices can be traced to the timing of the vegetative/ripening period, and therefore can indicate plausible mechanisms. The lack of relationship between the NAO index and grain protein concentration was expected, since the nitrogen supply to the crop from the soil and fertilizer is the main factor influencing protein concentration. Winter wheat is sown between September and December depending on the previous crop. The weather during the vegetative period before grain growth has relatively little influence on HFN and specific weight. The weather, especially rainfall, during the ripening period in August is the main determinant of HFN and specific weight. Both HFN and specific weight decrease with rain before harvest as a result of sprouting (germination), and also from weathering of the grain surface by alternate wetting and drying in the case of specific weight. The authors argue that an effect of the NAO on cereal quality may be widespread in Europe [Kettlewell et al., 1999] . Rodó and Comín [2000] claimed that the NAO had no effect on wine quality in Spain, while the El Niño-Southern Oscillation (ENSO) did affect wine quality in the same region. A study from Portugal, however, indicated that there is a negative relationship between the NAO in April and wine quality [Esteves and Orgaz, 2001] .
Desertification in Africa.
Vegetation productivity and desertification in sub-Saharan Africa may be influenced by global climate variability attributable to the NAO [Oba et al., 2001] . Combined and individual effects of the NAO and ENSO indices revealed that 75% of the interannual variation in the area of Sahara Desert was accounted for by the combined effects, with most variance attributable to the NAO. Effects were shown in the latitudinal variation on the 200 mm isocline, which was influenced mostly by the NAO. The combined indices explained much of the interannual variability in vegetation productivity in the Sahelian zone and southern Africa, implying that both the NAO and ENSO (quite naturally) may be useful for monitoring effects of global climate change in sub-Saharan Africa [Oba et al., 2001] .
Invertebrates
No study has yet been published on any specific analysis of the effects of the NAO on invertebrate populations, though such effects are likely. For instance, the effect of temperature on butterfly populations is well documented [Roy and Sparks, 2000; Sparks and Yates, 1997; Parmesan et al., 1999; Thomas et al., 2001a] .
Amphibians
Populations of amphibians have been declining worldwide [Morell, 1999; Alford et al., 2001; Pounds et al., 1999; Pounds, 2001; Kiesecker et al., 2001] , an observation which has led to considerable interest regarding whether this is due to climate [e.g., Alexander and Eischeid, 2001] . All of the amphibians native to Britain undergo spring migrations to breeding ponds to reproduce, as is typical of most temperate species [Beebee, 1995] . The three native anurans, the toad (Bufo calamita) and the two species of frogs (Rana esculata and R. temporaria), demonstrate clines of spawning times, from the earliest in west or southwest of England to the latest in the cooler north and east. These clines are thought to be adaptive and climate-related. Over the 17 year period from 1978-1994, first spawning and sighting date of the three native anurans and urodeles (Triturus vulgaris, T. helveticus and T. cristatus) have been increasing in earliness (i.e., a significant time trend) [Beebee, 1995] . Average times for spawning were 2 to 3 weeks earlier during the last five compared to the first five years of study, while the first newts were arriving in the ponds an average of 5-7 weeks earlier. The NAO explained the year-to-year variation in both first day of spawning and sighting [Plate 1 ; Forchhammer et al., 1998a] . The mechanism is probably directly related to temperature [Beebee, 1995] . Gametogenesis is temperature-dependent; in temperate amphibians it is completed either during the early spring after emergence from hibernation in the case of late breeders such as B. calamita and R. esculenta, or in winter for the remaining early-breeding species, and migration to breeding ponds requires threshold minimum temperatures and humidity levels [Beebee, 1995] . Spawning dates were negatively correlated with average minimum temperatures in March and April and maximum temperatures in March. Average maximum temperatures increased by an average of 0.11 o C per year at one site and 0.24 o C at another site [Beebee, 1995] . These observations suggest that amphibian reproductive cycles in at least one part of the North Atlantic region is closely linked to the dynamics of the NAO. No study has so far linked population dynamics of amphibians to the NAO.
Birds
It is well known that climate may affect populations of birds [e.g., Moss et al., 2001] . For example, spring weather may be important for survival of chicks [Moss et al., 2001] and the energetics of breeding in general [Stevenson and Bryant, 2000] . Birds have also been reported to extend their ranges northwards in recent years [Thomas and Lennon, 1999] . In the following, we focus on the reported effects of the NAO on as dif-ferent topics as phenology, population dynamics and its effect on altering competitive interactions between bird species.
Breeding phenology.
Egg-laying dates of corn bunting (Miliaria calandra), common chiffchaff (Phylloscopus collybita) and magpie (Pica pica) in the U.K. were all negatively correlated with the NAO, i.e. they were laying eggs earlier in years with a high NAO-index [Plate 1; Forchhammer et al., 1998a] . This is likely due to an increase in spring temperatures [Crick et al., 1997] , as the relationship between breeding and spring temperatures has not changed [McCleery and Perrins, 1998 ]. Sky lark (Alauda arvensis) in Norway is also arriving earlier in years with a high value of the NAO index [Plate 1, Forchhammer et al., 1998a] . Hatching dates of great tits (Parus major), blue tits (Parus caeruleus) and pied flycatchers in northern Germany between 1970 and 1995 are earlier after high NAO index winters (warm, wet winters) [Forchhammer and Post, 2000] .
The breeding abundance of plover (Pluvialis apricaria) and sandpiper (Actitis hypoleucos) in the U.K. was, respectively, positively and negatively correlated with the NAO with a 2-year lag [Plate 1 ; Forchhammer et al., 1998a] .
Phenotypic plasticity vs. selection in flycatchers.
Breeding performance (laying date, clutch size, fledging success and number of recruits produced) and morphological traits (tarsus and wing length) of collared flycatchers (Ficedula albicollis) in a population breeding on Gotland, Sweden, were studied over a period of 16 years [Przybylo et al., 2000] . Effects on ecosystems may be investigated at short time scales (ecological effects; what is termed phenotypic plasticity) and at longer time scales (evolutionary effects; what is termed selection). Authors therefore performed both cross-sectional (transversal, each individual sampled once; affected by selection) and within-individual variation (longitudinal, following individuals over time; not affected by selection) correlations between the NAO-index and breeding performance and morphological traits. None of four measures of breeding performance (laying date, clutch size, fledging success and number of recruits produced) changed consistently over the study period, while tarsus length of males (and marginally females) decreased over time. Of the six traits investigated using cross-sectional data, only laying date was related to variation in the NAO-index. All characters investigated, showed significant repeatability within individuals among years, revealing the importance of factors specific to individuals in determining their value. However, within individuals, the NAO-index significantly affected laying date and clutch size such that females laid earlier and produced larger clutches after warmer, moister winters (high NAO index). The high degree of concordance between transversal and longitudinal analyses of the effect of NAO on laying date and clutch size suggests that the population-level response to the NAO-index may be explained as a result of phenotypic plasticity [Przybylo et al., 2000] .
Population ecology of the dipper.
A particularly thorough study of the population ecology of the European dipper (Cinclus cinclus), a 50-60 g passerine species widely distributed in riparian habitats close to running water all over the Palearctic region, was done in southern Norway [Saether et al., 2000] . The dipper feeds on insects under water, and is therefore sensitive to any long-term freezing of the water surface. At northern latitudes the amount of ice strongly affects which areas have available winter-feeding habitats for the dipper. A large proportion of individuals were colour-ringed for individual recognition over a 20-year period (1978) (1979) (1980) (1981) (1982) (1983) (1984) (1985) (1986) (1987) (1988) (1989) (1990) (1991) (1992) (1993) (1994) (1995) (1996) (1997) . The population fluctuated markedly from a minimum of 27 pairs in 1982 to a maximum of 117 pairs in 1993. The recruitment rate decreased with increasing population size, mainly due to a reduction of the immigration rate with increasing population size. Fewer individuals were recruited after cold winters. Mean winter temperature was closely correlated with the annual variation in the number of days with ice cover in the study area. High winter temperature was correlated with high NAO index values. Cold winters had similar effects on the survival of both dispersing and non-dispersing individuals ( Figure 1) . A 2.5 o C increase in winter temperature in this region is expected to increase carrying capacity by 58%. Most of this is due to effect on local dynamics, and not on immigration rates. Further, there was a weakly nonlinear relation between the carrying capacity and change in mean temperature and the NAO [Saether et al., 2000] .
Sympatric populations of flycatchers.
A rare case study of two sympatric flycatchers, the pied flycatcher (Ficedula hypoleuca) and the collared flycatcher (F. albicollis), derive from a subalpine mixed deciduous forest near Dlouhá Louka in the Czech Republic [Saetre et al., 1999] . In this area, the winter temperatures over the past 130 years have covaried positively and relatively strongly with the NAO index [Hurrell and van Loon, 1997] . Annual estimates of breeding densities of both species of flycatchers from 1985 to 1997, as well as fledging success, intrinsic nestling mortality (i.e., starvation and/or disease), nest predation and adult disappearance was available. Nearly all interannual variation in breeding density of the pied flycatcher was explained by interspecific competition, intraspecific competition and intrinsic nestling mortality. Interspecific competition was significantly more important than intraspecific competition, while there was no effect of the NAO. In con-trast, the collared flycatcher was less affected by interspecific competition, but more affected by intraspecific competition, intrinsic nestling mortality and the NAO. The collared flycatcher is both more abundant and a stronger interspecific competitor than the pied flycatcher. According to the competitive exclusion principle [Hardin, 1960] , the pied flycatcher should not be able to coexist with the collared flycatcher in a stable equilibrium in this habitat. In the pied flycatcher, nestling mortality was explained by competition, and more so by interspecific competition, while intraspecific competition was most important for the collared flycatcher. There was an increase in the intensity of density dependence by nearly an order of magnitude, and a reduction in the intrinsic rate of increase by 10% when the influence of the NAO was removed [Saetre et al., 1999] . This study suggests that the climatic fluctuations (in this case linked to the NAO), may prevent competitive exclusion.
Mammals
Most studies on the effect of the NAO on mammals have been conducted on ungulates. Large animals, like most ungulates, have the capacity to switch habitats several times a day in response to variation in microclimate [Parker and Robbins, 1985; Schmitz, 1991; Schwab and Pitt, 1991 Mysterud and Østbye, 1995; Mysterud, 1996] and may also migrate over long distances due to seasonal changes in climate . Nevertheless, climate is known to exert both direct effects through behavior and physiology -the indirect effects mainly through the quality of plants Lesage et al., 2000] , such as variability of plant flowering dates [Post and Stenseth, 1999] and the content of phenolics [Jonasson et al., 1986] , but also through activity of parasitic insects [Gunn and Skogland, 1996; Weladji et al., 2002] .
The most thorough studies on the effect of the NAO on demography of large herbivores come from the case study of red deer on the west coast of Norway and on Rum, Scotland, as well as the Soay sheep (Ovis aries) in the St. Kilda archipelago, Scotland. Comparable studies relating the NAO to population ecology in North America is much needed.
Red deer on the west coast of Norway.
The effect of the NAO on local climate is strong on the west coast of Norway [Hurrell, 1995] -the main distribution range of red deer in Norway. There exists extensive data on several demographic traits of Norwegian red deer, and the effects of the NAO have been reported on body weight of adults [Post et al., 1997; Mysterud et al., 2001b] and calves [Post et al., 1999c; Loison et al., 1999b] , fecundity of females [Post and Stenseth, 1999] , sex ratio of harvested calves [Post et al., 1999b; Mysterud et al., 2000] and also on number of red deer harvested [Forchhammer et al., 1998b] . The red deer case can reveal also important methodological questions and highlights some important cautionary notes, since contradicting conclusions regarding the effect of the NAO on body weight have been presented based on the same data set [Post et al., 1997; Mysterud et al., 2001b] , and the interpretation of the effect of the NAO on sex ratios of calves are also different [Post et al., 1999b; Mysterud et al., 2000] .
The collection of data on body weights and fecundity of red deer on the west coast of Norway began in 1965 and is still ongoing [e.g., Langvatn and Albon, 1986; Langvatn et al., 1996; Mysterud et al., 2001c] . During this time span, the harvest of red deer in Norway has increased from 2484 in 1965 to 22534 in 2000 [Statistics Norway, 2001 ]. This increased harvest most importantly reflects an increase in density within the main distribution range, but the population has also expanded to the south, north and east from its main westerly initial point Mysterud et al., 2001c] . There are thus significant local variations in red deer density and dynamics, both reflecting local weather conditions, pronounced variation in mountainous topography and the management practice (i.e., hunting licenses issued) [Mysterud et al., 2000; Mysterud et al., 2001a; Mysterud et al., 2001c ].
An initial study (using a coarse scale) found a negative effect of the NAO (when in utero) on body weight for adult females (not significant for males ; Post et al., 1997; Post and Stenseth, 1999] . A second study at a more local scale found a main positive effect, but the effect was reversed at very low NAO index values [ Figure 2, Mysterud et al., 2001b] . However, the Post et al. [1997] study did not correct for local density, which increased much during the study [Mysterud et al., 2001c] , and the seemingly negative effect of the NAO is probably due to the confounding increase in local density. This is consistent with other studies suggesting that the choice of spatial and temporal scale may be crucially important (as different levels of aggregation may result in opposite relationships; e.g., as for density-dependence [Ray and Hastings, 1996; Donalson and Nisbet, 1999; Coulson et al., 1997; Coulson et al., 1999] ).
Such an additional relationship between the NAO and population ecology of red deer lends support to a positive effect of the NAO. Cohort fecundity of 2-year olds was positively correlated with the NAO index [Post and Stenseth, 1999] , and there is usually a positive relationship between body weight and fecundity [e.g., Reimers, 1983; Langvatn et al., 1996; Hewison, 1996] . Therefore, with this new insight, the positive phase of the NAO is associated with increased body weight [Mysterud et al., 2001b] , which in turn increases fecundity of females [Post and Stenseth, 1999] and probably leads to an increased harvest [Forchhammer et al., 1998b; 2 year lag; Post and Stenseth, 1999] .
Some of the reported patterns lack -as yet -a mechanistic basis. For example, one study reported a negative effect of the NAO on female calves body weight, while they found a positive effect on male calves body weight [Post et al., 1999c] . The data set was very limited in size. In the same study, it was reported that longevity increased with 5 years for red deer born after high NAO index winters. As this is a harvested population in which most animals end up being shot, and this hunting pressure is not stable over time [Langvatn and Loison, 1999] , we urge for caution in the interpretation of such correlations (and whether there truly are differential impacts of the NAO on males and females awaits further study). Indeed, a later study in the same subpopulation did not find any significant interaction between calf sex and the NAO [Loison et al., submitted] -i.e., the sexes reacted similarly to the NAO.
Sex ratios of red deer.
Variability in sex ratios (often measured as the proportion of male offspring) has been extensively studied within an evolutionary context to understand why and when sex-ratios should differ from 50:50 [for mammals, see Williams, 1979 ; Clutton-Brock and Venables and Ripley, 1994] . Iason, 1986; Clutton-Brock, 1991; Kojola, 1998; Hewison and Gaillard, 1999] . Adaptive manipulation of the birth-sex ratio may be expected when costs and/or benefits differ for production of either sex [Trivers and Willard, 1973; Maynard Smith, 1980; Hewison and Gaillard, 1999] . Given the evidence for a relationship between maternal condition and offspring sex ratios in mammals at the individual level [Clutton-Brock and Iason, 1986; Skogland, 1986; Cameron et al., 1999] , it is plausible that all extrinsic factors affecting body condition, such as population density and climate, also may affect offspring sex ratio at a population level [Kruuk et al., 1999; Post et al., 1999b; Mysterud et al., 2000] . Variation in population density and climate is over short time scales. It is therefore likely that selection may not act to change the relationship between body condition and sex ratio that was adaptive for the individual at former conditions. It is plausible that the individual response may be evident also at the population scale.
On the west coast of Norway, the NAO index is positively correlated to the proportion of male calves harvested in autumn in one red deer population [Post et al., 1999b; Mysterud et al., 2000] , but not in 3 other populations . The NAO is a less important predictor of sex ratio than population density. The change in proportion of males harvested increased with as little as 5% from low to high NAO index values . Increased local winter precipitation (between November and January; i.e., similar to high NAO index winters [Catchpole et al., 2000] ) was associated with female-biased offspring sex ratios also in a population of red deer on Rum, Scotland [Kruuk et al., 1999] . High winter rainfall increases juvenile mortality in the Rum population during winter, and then indicates that they are associated with nutritional stress [Kruuk et al., 1999] . In both populations, sex ratio became more female-biased with severe conditions (more snow in wintering areas in Norway; more rain on Rum; also with increasing density in both populations), but high NAO index values gave male-biased sex ratios in Norway and female-biased sex ratios on Rum, Scotland.
The physiological mechanism by which sex ratio is determined in red deer remains unknown [Hewison and Gaillard, 1999] . Abortion is one possible mechanism. It is difficult to explain the effect of the NAO in populations in western Norway otherwise, since the NAO index values used are from winter (December through March, i.e. during gestation ). Another possibility is that winter climate may have delayed effects and affect condition (at conception) through summer foraging conditions (see next section). However, the NAO the year prior to conception did not correlate with sex ratios, leaving this an unlikely mechanism .
Comparing red deer and domestic sheep in
Norway. In Norway, domestic sheep (Ovis aries) are freeranging only from May/June to September/October [Mysterud, 2000] . During winter, sheep are fed indoors and, as a result, experience a stable interannual energy supply during that season. Thus, any relation between growth of lambs (during summer) and winter climate must operate through indirect effects of winter climate on forage quantity and quality during summer [Mysterud et al., 2001b] . In Norway, sheep and red deer are sympatric in summer and have very similar diet composition and habitat use [Mysterud, 2000] . Through a comparison of the two species, direct (costs of thermoregulation and movement in snow) and indirect effects (delayed snow melt can affect foraging conditions during summer) of winter climate may be separated.
Using the red deer data described above, and data from 139,485 sheep from the same region, the relationship between the NAO and individual performance (as measured by body weight) was explored. Indeed, there was a similar response to variation in the NAO in both sheep and red deer [Mysterud et al., 2001b] . Since both red deer (being outdoor during winter) and sheep (being indoor during winter) showed the same response to winter climate, it is likely that there is an indirect effect of the winter-NAO on summer foraging conditions. Forage quality of grasses and herbs decline with age since emergence [Van Soest, 1994] . Hence, it is commonly assumed that winter climate may also indirectly affect foraging conditions during summer, as deep snow may lead to an extended period of snow melt, and hence a prolonged period of access to newly emergent high quality forage Loison et al., 1999b; Post and Stenseth, 1999] . There is an increase in spatial variability in timing of flowering with an increasing NAO index [Post and Stenseth, 1999] . The prolonged period with access to newly emergent, high quality forage is favorable to both red deer and sheep. Even slight changes in forage quality may substantially affect body growth of ungulates [White, 1983] . This result therefore provides support for an indirect effect of winter climate on summer foraging conditions.
Red deer in Norway winter at low elevations . Since temperatures in coastal, low land regions often are around 0 o C during winter, and since temperature declines with altitude, altitude is a key factor determining whether precipitation comes as rain or snow, and thereby determines the ecological impact of the NAO . There was a negative correlation between the NAO index and snow depth at low altitude (below 400 m), whereas there was a positive correlation between the NAO index and snow depth at high altitude . Forage in the field layer is thus probably more easily available to red deer in these coastal and lowland areas during winters with a high NAO index [Loison et al., 1999b; Mysterud et al., 2000; Mysterud et al., 2001b] , and the higher temperatures also represent less cold stress to the animals [Simpson et al., 1978] .
A trend of increasingly warm and wet winters (as is typical for years with high NAO index values) may therefore favor large herbivorous ungulates on the west coast of Norway through two separate mechanisms: (1) less snow in the low-elevation wintering areas will decrease energetic costs of thermoregulation and movement, and increasing access to forage in the field layer during winter [Loison et al., 1999b; Mysterud et al., 2000] ; and (2) more snow in the high-elevation summer areas will lead to a prolonged period of access to high quality forage during summer [Mysterud et al., 2001b] . When testing for effects of the NAO on sex ratios (see above), we also tested for an effect of the NAO the year before ovulation (i.e., lagged one year), but no significant effect was found . These results taken together suggest that both direct and indirect effects of the NAO may be important for wild red deer on the west coast of Norway.
Red deer on Rum, Scotland.
The red deer on Rum, Scotland, is the best studied large mammal population in the world [e.g., Clutton-Brock et al., 1982b; Clutton-Brock et al., 1984; Clutton-Brock et al., 1982a; Clutton-Brock et al., 1983; Coulson et al., 1997; Kruuk et al., 1999] . Both male and female calf birth mass are positively related to the NAO index (year when in utero). Cohort fecundity (3-yr-olds and milk hinds) are negatively correlated with the NAO index (year when in utero), while there is no effect on cohort fecundity of non-lactating hinds. Adult mass of males, but not females, is positively related to the NAO index [Post and Stenseth, 1999] . Adult male abundance is negatively related to the NAO index (previous year), while female abundance was positively related to the NAO index (2 years previous). Neither calf winter nor summer mortality is related to the NAO index. Yearling survival was positively correlated with the NAO index (year when in utero), while adult male and female winter survival are negatively correlated with the NAO index (1 year previous). As most studies based on direct estimation of demographic rates have shown that prime-age adult survival is hardly affected by density or climate (as opposed to survival of young and old age classes) Gaillard et al., 2000] the differential effects of the NAO on survival of yearling and adult red deer are highly unlikely, and awaits more detailed studies, preferably with a process-oriented approach .
Soay sheep in the St. Kilda archipelago, Scotland.
The studies of Soay sheep on the St. Kilda archipelago, Scotland, provide another interesting assessment of the effect of the NAO, as both the demographic parameters and population dynamics of this species are well known and famous for its population cycles [e.g., Jewell et al., 1974; Clutton-Brock et al., 1991; Clutton-Brock et al., 1996; Grenfell et al., 1992; Coulson et al., 1999; Grenfell et al., 1998 ]. On St. Kilda, survival of Soay sheep is negatively correlated with March rainfall [Catchpole et al., 2000] . The NAO index is positively correlated with March rainfall [Catchpole et al., 2000] . The plausible sequence of causality is that the NAO influences March rainfall, which in turn quite likely increases mortality of sheep [Catchpole et al., 2000] . This is most probably due to the combined negative effects on the energy balance of high winds and wetting of the pelage [Parker, 1988; McIllroy, 1989] . At least, a positive NAO index pattern negatively influenced survival of sheep [Milner et al., 1999; Catchpole et al., 2000] , and more so in lambs [Milner et al., 1999 ; not significant in the analysis of Post and Stenseth, 1999] . Lamb birth weight of Soay sheep is strongly negatively correlated with the NAO index in the population in Village Bay [Post and Stenseth, 1999] . Both populations in Village Bay and at Hirta, Scotland declined after high NAO index winters (previous) [Post and Stenseth, 1999] , while population size was reported to increase with the NAO index in another study [Catchpole et al., 2000] , but this correlation was regarded to be spurious [Catchpole et al., 2000] .
The NAO induced marked cohort effects in this population . Cohorts born after warm, wet and windy winters (high NAO index) were lighter at birth, born earlier, less likely to have a twin and matured later than cohorts born following cold and dry winters (low NAO index). High NAO index winters preceding birth depressed juvenile survival but increased adult survival and fecundity. The negative influence of high NAO index winters on juvenile survival are likely to be related to mothers compromised physical condition while cohorts were in utero, whereas the positive influence on adult survival and fecundity may relate to the improved post-natal forage conditions following high NAO index winters .
The interactions between density, climatic fluctuations and demography are important in order to understand the population fluctuations of Soay sheep [ Figure 3 , Coulson et al., 2001] . Because sex and age structure of the population fluctuated independently of population size, and because animals of different age and sex respond in different ways to density and weather, identical weather conditions can result in different dynamics in populations of equal size. In each age/sex class, survival rates are lower in wet, windy winters (high NAO index values). Density and weather interact so that bad weather depressed survival rates relatively more at high density than at low density. The strength of the interaction is greatest in young and old animals [Coulson et al., 2001] . As one feature of the NAO is decadal scale shifts between periods of cold, dry winters followed by wetter, stormier winters [Hurrell, 1995] , these results suggests that the dynamics of the Soay sheep are likely to alternate between periods when the dynamics are over-compensatory (i.e., cyclic) and periods when they are not. This suggests that changes in climate associated with the NAO are likely to alter the dynamical properties of the system [Coulson et al., 2001] .
Other herbivore and granivore populations.
The relationship between the NAO and various demographic variables have also been reported for several other eastern Atlantic populations [Post and Stenseth, 1999] . Yearling mass of moose (Alces alces) both in the south and north of Norway correlated positively with the NAO index (year when in utero). Calf mass, yearling mass, and adult female (but not male) mass covaried positively with the NAO index (3 years previous). There was no effect of the NAO (in utero) on reindeer (Rangifer tarandus) calf mass in Finland. Adult female fecundity was negatively related to the NAO index (1 year previous) in Norway. Abundance of feral goats (Capra hircus) on Rum, Scotland declined with increasing values of the NAO index (1 year previous) [Post and Stenseth, 1999] .
The NAO has a different climatic impact in northern and central Europe [Hurrell, 1995] . A study of the effect of the NAO as well as local weather (winter, spring and autumn precipitation and temperature, duration of snow cover during winter, and day-degrees during spring) on adult survival of chamois (Rupicapra rupicapra) and isard (R. pyrenaica) MYSTERUD ET AL. 249 Female  Older  Male  Male  Older  lambs yearlings  adults  females  lambs  adults  males  19  5  48  7  13  7  1  17  8  41  8  18  8  0  23  10  24  11  19  13  0  22  13  17  13  16  19  0 during a 13-yr period, respectively, in the Alps and in the Pyrénées in France is therefore especially interesting [Loison et al., 1999a] . In the Pyrénées, the NAO partly accounted for cohort effects in survival, while this was not the case in the Alps. Individuals born after positive NAO index winters (indicative of high temperature and low precipitation) exhibited a low adult winter survival in the Pyrénées. Furthermore, survival increased when precipitation was high and temperatures low during the preceding spring. In the Alps, survival decreased following a positive NAO index and low spring day-degree. A very interesting result of this study is the contrasting response to the effects of local weather (spring temperatures) in the two sites. There was no direct impact of winter weather on survival in either site. Hence, the NAO may operate indirectly through effects on vegetation also in these areas (see [Mysterud et al., 2001b] for Norway). Very few studies have been performed with regard to the effect of the NAO on the western side of the Atlantic. It was reported that muskoxen (Ovibos moschatus) in Greenland and caribou (Rangifer tarandus) in the Sisimiut herd of West Greenland declined after low NAO index winters [Post and Stenseth, 1999] . There is no effect of the NAO (1 year previous) on caribou in the Paamiut herd of West Greenland or in Quebec. Moose on Isle Royale, U.S., declined 2 years after low NAO index winters, and white-tailed deer in Minnesota declined 3 years after low NAO index winters Post and Stenseth, 1999] . All these reports use time-series analyses of abundance data, and also found evidence of negative density-dependence in all populations [Post and Stenseth, 1999] . There was no data on demographic traits to substantiate the results.
A study of the impact of the NAO on rodents comes from the Bialowieza forest in Poland [Stenseth et al., 2002] . Using data on abundances of two species of forest rodents (Clethrionomys glareolus and Apodemus flavicollis), the annual density-dependent and density-independent structures were decomposed into their seasonal components. The NAO was incorporated significantly into both annual models (negative effect), but not if seed production is also incorporated. This suggests that the between-year variation primarily is accounted for by differences in seed-production, particularly oak seeds. The analysis further demonstrates that these between-year effects primarily operate during the winter [Stenseth et al., 2002] .
Muskrat (Mustela vison) populations in Canada were more synchronous in the eastern part of the country where the influence of the NAO is the strongest [Haydon et al., 2001] .
Mammalian carnivores.
There is at present a very limited literature on the effect of the NAO on carnivorous species. This is partly because long-term studies on populations of carnivores are rare, and virtually nothing is available on temporal changes in demography. This is probably mainly due to low population densities and the practical difficulties of obtaining such data. It might of course be that carnivores are less affected directly by climatic factors, as they are at least not directly mechanistically linked through effects of climate on plants. Recent studies indicate that this may not be the case. One can easily identify two mechanistic links between climate and mammalian carnivores; (1) climate (in particular snow conditions) can affect hunting behavior, and (2) since the populations that carnivores feed on are affected, this can indirectly affect the carnivore populations. Carnivore foraging behavior is largely stereotypical within taxonomic families [Murray et al., 1995] . Felids typically stalk or ambush prey from cover, while canids have a more variable hunting strategy, including hunting in packs (for wolves [Macdonald, 1983] ). Fortunately, there have been studies conducted on each of these two important taxonomic groups, in addition to a study of a mustelid [Haydon et al., 2001] .
Grey Wolf. Isle Royale, U.S., is a protected national park and the site of the longest continuous study of an undisturbed, three-trophic-level system involving grey wolves (Canis lupus), moose and their primary winter forage, balsam fir (Abies balsamea) [McLaren and Peterson, 1994] . Moose play a pivotal role in ecosystem function on Isle Royale because they are the primary prey of wolves [Peterson et al., 1984] , and because their heavy browsing on balsam fir and other woody species, they determine several demographic traits of the fir. Wolf pack dynamics and hunting behavior on Isle Royale are recorded during aerial surveys initiated in 1959, shortly after the wolves colonized the island. Variation in the annual mean pack size between 1959 and 1998 showed a close correlation with the state of the NAO, which correlated negatively with snow depth [Post et al., 1999d] . Pack size increased in response to winter snow depth (and therefore decreased with an increasing NAO index). As pack size increased, the number of moose killed per pack per day rose, particularly young and old moose. Increases in snow depth (decreasing NAO index values) also decreased the condition and survival of adult moose. Examination of summer wolf faeces revealed increases in both occurrence and biomass of adult moose following negative (snowy) NAO index winters. Annual mortality of wolves declined following winter in which wolves hunted in large packs [Post et al., 1999d] .
The food acquired by an individual wolf declines with increasing pack size [Schmidt and Mech, 1997] , also on the Isle Royale [Thurber and Peterson, 1993] . One year after snowy winters, increases in wolf pack size and killing rates [after Stenseth et al., 1999] . led directly to a decline in moose abundance, independently of the density-dependent limitation of moose. In turn, growth of fir, as estimated by width of tree rings, increased after snowy winters. This study suggests that there can be an effect of the NAO on the behavior of a top predator (in this case the wolves) that may cascade down to affect the secondary (the moose) and primary producers (fir trees).
The Canadian lynx. Across the boreal forest of Canada, lynx and snowshoe hare populations undergo regular density cycles [Krebs et al., 2001] . Twenty one time-series on the population dynamics of lynx from 1821 and onwards are available [Plate 2; Stenseth et al., 1999] . It has been examined whether the lynx populations display the most similar phase-and density-dependent structure within ecologically based habitat regions (northern, open boreal forest and southern, closed boreal forest) or climatological regions (Atlantic-maritime, Continental and Pacific-maritime) based on the spatial influences of the NAO. The lynx population cycles were found to be more alike (i.e., have the most closely related dynamic structure) within climatologically-based habitat regions, than within ecologicallybased habitat regions [Plate 2; Stenseth et al., 1999] .
This, perhaps surprising, finding may be explained as follows. Over much of central and western Canada, surface climate is most strongly influenced by the atmospheric circulation upstream over the North Pacific and in particular by a natural mode of large-scale atmospheric variability known as the Pacific-North American (PNA) teleconnection pattern [Wallace and Gutzler, 1981; Barnston and Livezey, 1987] . However, the influence of the PNA on Canadian surface temperature is relatively spatially homogenous [Trenberth and Hurrell, 1994] . In contrast, the influence of the NAO on surface winter temperatures varies considerably from coast to coast and shows spatial variation corresponding well to the best grouping found for the lynx time series. Even though the effect of the NAO on lynx abundance is not strong, the lynx series fall along an east-west gradient progressing from negative to positive and finally to no effect of the NAO. This suggests that the climate in some way affects hunting behavior (and success) of the lynx, suggestively through snow depth and/or structure, but this remains to be measured . Further analysis of the snow depth and cover patterns have shown spatial patterns similar to the ones exhibited by the lynx dynamics [Brown and Braaten, 1998 ].
In light of the lynx study , it is interesting that also mink (Mustela vison) populations in Canada were more synchronous in the eastern part of the country where the influence of the NAO is the strongest [Haydon et al., 2001] . This may indicate that the NAO can act to synchronize populations.
EMERGING ECOLOGICAL INSIGHTS
Compared to the effect of El Niño events on terrestrial ecosystems [e.g., Holmgren et al., 2001] , the effect of the NAO seems less dramatic, probably since the influence is mostly during winter. As would be expected, the influence of the NAO on ecological patterns reflects this main influence on winter climate (and hence outside the vegetation growth-season). For example, early-blooming plants were more strongly influenced by the NAO than late-blooming plants [Post and Stenseth, 1999] . Although the effect of the NAO is mainly in the north Atlantic region, impacts in the north could extend far outside the direct impact area [Danell et al., 1999] , for example when it is affecting migratory birds.
Biases in the Literature
This review clearly demonstrates that there are marked geographic and taxonomic biases in the literature on effects of the NAO on terrestrial ecosystems. These biases cannot be explained based on present knowledge of the NAO as a climatic factor; we know that the NAO is known to correlate with local climate also in other areas. From current knowledge on general climatic effects, we would expect impacts of the NAO also in other systems. More likely they reflect that the study of ecological impacts of the NAO is recent, and that there are not always good data sets available. For example, the majority of studies have been conducted in western Europe and on large herbivores. This partly reflects that the effect of the NAO on terrestrial ecosystems was first shown on red deer in western Europe [Post et al., 1997 ; it had, however, previously been demonstrated for tree rings; D' Arrigo et al., 1993] , and partly that longterm, high quality, data sets are available for this taxonomic group. Nothing has been published on the possible relationship between invertebrates and the NAO, and only one study of small mammals [Stenseth et al., 2002] . There is also a bias in the features being studied. Clearly, much has been done on phenological developments of plants, amphibians and birds -much less on how it affects demography or distribution range of these [Parmesan et al., 1999] . This reflects a lack of good, long-term data sets on these issues. For large herbivores we have the opposite picture. There we have very good data on demography, and little data on breeding phenology (i.e., calving time) has yet been analyzed (but see for an exception in Soay sheep). Further, most studies have only been concerned with single species dynamics [but see Saetre et al., 1999 for an exception in birds]. Within the field of ecology, in general, we still have limited insight into relative roles of, for instance, climate and interspecific competition [Fox and Morin, 2001] .
Does Phenology Matter? The Match-Mismatch Hypothesis
There are already several case studies on plants, amphibians and birds showing that they may start to breed earlier with increasing positive NAO index winters in Europe (see below). But, does it really matter that spring begins a week or two earlier? Apparently it does in some cases, as species at different trophic levels (e.g., prey and predator) may have different responses to the same climatic change. Global warming may therefore disrupt tight multitrophic interactions involved in the timing of reproduction and growth. In the ocean, the match-mismatch hypothesis, referring to the fact that the growth and survival of cod larvae depends on synchronous production with their main food items, has long been recognized to represent a fundamental concept [Cushing, 1974; Cushing, 1990] . Recently, similar cases of match-mismatch have been reported for terrestrial ecosystems [Thomas et al., 2001b; Visser and Holleman, 2001] .
The synchrony of winter moth (Operophtera brumata) egg hatching and oak (Quercus robur) bud have been low in recent warm springs [Visser and Holleman, 2001 ]. This was due to an increase in spring temperatures without a decrease in the incidence of freezing spells in winter. Another example was from two populations of blue tits (Parus caeruleus) that breed at different dates relative to the local peak in prey abundance, due to differences in gene flow from adjacent habitats [Thomas et al., 2001b] . In southern continental France the local landscape is dominated by deciduous Downy oak (Quercus pubescens) forest where spring leaf flush occurs in early May. However, the blue tit adapted to breeding in May, also overflows from deciduous oak forest into less common patches of evergreen oak, where pairs breed about 3 weeks too early relative to the local peak in caterpillar abundance. As food supply (caterpillar abundance) and demand become progressively mismatched, the increased cost of rearing young pushes the metabolic effort of adults beyond their apparent sustainable limit, drastically reducing the persistence of adults in the breeding population. The economics of parental foraging and limits to sustainable metabolic effort are key selective forces underlying synchronized seasonal breeding and long-term shifts in breeding date in response to climatic change. By advancing spring leaf flush and ensuing food availability, climatic warming results in a mismatch between the timing of peak food supply and nestling demand, shifting the optimal time for reproduction in birds [Thomas et al., 2001b] .
Ecological vs. Evolutionary Responses
It is therefore vital to understand whether the response of species to variation in the NAO is due to phenotypic plasticity (ecological effects at short time scales) or selection (evolutionary effects at long time scales). The effects of the NAO on the pied flycatcher were on phenotypic plasticity [Przybylo et al., 2000, see above] . This is in agreement with evidence from Pleistocene glaciations which indicates that most species responded ecologically by shifting their ranges poleward and upward in elevation, rather than evolutionary through local adaptation see also Flagstad et al., 2001] . That species mainly respond with phenotypic plasticity may become a problem if changes are extensive. For long-distance migrants climate change may advance the phenology of their breeding areas, but the timing of some species' spring migration relies on endogenous rhythms that are not affected by climate change [Both and Visser, 2001] . Thus, the spring migration of these species will not advance even though they need to arrive earlier on their breeding grounds to utilize the peak in quality or availability of forage and breed at the appropriate time. The migratory pied flycatcher has advanced its laying date over the past 20 years [Both and Visser, 2001] . This temporal shift has been insufficient, however, as indicated by increased selection for earlier breeding over the same period. The shift is hampered by its spring arrival date, which has not advanced. Some of the numerous long-distance migrants will certainly suffer from climate change, because either their migration strategy is unaffected by climate change, or the climate in breeding and wintering areas are changing at different speeds, preventing adequate adaptation [Both and Visser, 2001] . However, this may vary among taxonomic groups. Both ecological and evolutionary processes were responsible for increased ranges in invertebrates in England [Thomas et al., 2001a] . Range expansion was at least partly due to increased habitat breadth in two butterfly species (phenotypic plasticity), while range expansion was due to increased dispersal tendencies in two bush cricket species. The mechanisms in the latter case was higher fractions of longer-winged (dispersive) individuals (i.e., selection [Thomas et al., 2001a; Pimm, 2001] .
Long Term Effects and Migration
A central question is therefore whether species are able to find suitable new habitats with the climate they are adapted to. Snow depth is considered a main response to climate change in northern areas [Danell et al., 1999] , and hence a main ecological mediator of climate change. In Northern Europe the NAO index is generally positively correlated with both temperature and precipitation [Hurrell, 1995] . An increasing trend in the NAO index may thus lead to less snow in lowland areas and more snow at high altitude , imposing differential forcing on high and low altitude ecological systems. Some animals may move between the different altitudinal belts and find the most suitable one for a given time/environment [Danell et al., 1999; Mysterud et al., 2001b] , while other species are not able to do so [Inouye et al., 2000] . Mountains have therefore often acted as refugia and past climatic changes have resulted in less loss of species in such regions than on the plains [Danell et al., 1999] . Differential effects of altitude largely remain to be explored with regard to the effect of the NAO. Only one study reported that the effect of the NAO on first flowering of a plant (Tussilago farfara) was more variable at lower elevations [Post and Stenseth, 1999] . There is, however, an important study from high altitude in the Rocky Mountains that can shed light on a differential impact depending on altitude [Inouye et al., 2000] .
In the Colorado Rocky Mountains, calendar date of the beginning of the growing season at high altitude is variable but has not changed significantly over the past 25 years [Inouye et al., 2000] . This result differs from the growing evidence from low altitudes that climate change is resulting in a longer growing season, earlier migrations, and earlier reproduction in a variety of taxa. At high altitude, the beginning of the growing season is controlled by melting of the previous winter's snowpack. Despite a trend towards warmer spring temperatures, the average date of snowmelt has not changed, perhaps because of the trend for increased winter precipitation which comes as snow at high altitude. This disjunction between phenology at low and high altitudes may create difficulties for several species, such as many birds, that migrate over altitudinal gradients. American robins (Turdus migratorius) arrive on average 14 days earlier than they did in 1981, and as a result experience an increase in the interval between arrival date and the first date of bare ground by about 18 days. Earlier formation of permanent snowpack and for a longer period of snow cover at high altitude has also implications for hibernating species. The yellow-bellied marmot (Marmota flaviventris) emerges about 38 days earlier than 23 years ago, apparently in response to warmer spring air temperatures [Inouye et al., 2000] . The likely consequences of too early emergence may therefore be pronounced [cf. Yom-Tov, 2001] .
Climate and Functional Plant Groups
The effect of the NAO on plant phenology may be quite different among species [De Valpine and Harte, 2001] or functional plant groups [Arft et al., 1999] . At present, there appears to be insufficient data reported on the important, and possible large-scale effects of the NAO on the scale of vegetation communities. Perhaps most importantly, we do not know which role the NAO and climate in general may have on the location of tree line. Average climate as well as climatic variability influence the position of the tree line together with interactions with herbivores [e.g., Davis and Shaw, 2001; Hofgaard, 2001] . The easiest available longterm data on the demography of trees are from growth of tree-rings [Holmgren et al., 2001] . However, recruitment will also prove crucial to understand forest expansion. Ability to resist or adapt to change is vital. Plants do not move (as much) as animals, and rapid changes in climate as we see it today may therefore possibly drive some plants to extinction. Some plants have historically moved fast enough so as to track climate change [Pitelka et al., 1997] . These migrations have come as response to change that in some cases has been as fast as the rapid warming predicted for the next few decades. Species with low reproductive rates, such as trees and other perennials, that take longer to reach reproductive maturity, could have longer lag times and might be stranded in unsuitable habitat by rapid climate change [Pitelka et al., 1997] . In the event of rapid climate change, weed species would be the ones that would have little trouble shifting their ranges. Also, successful new colonization may be the result of repeated attempts to disperse, and are only successful when colonizers persist long enough to germinate. The large impact of the NAO on desertification in the sub-saharan Africa [Oba et al., 2001 ] underlines the importance of the possible effects of the NAO on largescale vegetation patterns.
Delayed Effects Through Cohort Effects
Delayed effects of climate are also important in animal populations. Individuals born in a specific year may be larger or smaller than the average depending on the climatic conditions in the year of birth. Any substantial change in early environmental conditions affecting birth weight and/or early growth may have a considerable impact of later survival and reproductive performancethat is known as cohort effects [Clutton-Brock et al., 1982b; Albon et al., 1987; Gaillard et al., 1997; Post et al., 1997; Rose et al., 1998; Lindström, 1999; Forchhammer et al., 2001] . For example, Soay sheep lambs born under poor conditions will often mature at a later age [e.g., Forchhammer et al., 2001] , and effects of the NAO in one year may thus have consequences on age of first reproduction several years later.
Confounding Effects and Interactions with Other Factors
Much of what is reported regarding patterns of change related to the NAO, implicitly or explicitly assumes that other factors affecting the populations remain unchanged. It is vitally important to consider also other ecological factors that can change over time, in particular population density. There are already reported cases both on birds and mammals of (negative) density-effects which may override (positive) effects of climatic change. For example, while the NAO index showed an upward trend during the study period for red deer in Norway (1965 Norway ( -1998 and positively correlated with body weights [Mysterud et al., 2001b] , the parallel increase in local density had a stronger impact on body weights and led to decreasing weights over time [Mysterud et al., 2001c] . Similarly, although warm winters (high NAO indices) positively affected the abundance of golden plovers in the UK, direct density dependence strongly depressed their numbers over time despite the increasing trend in the NAO index [Forchhammer et al., 1998a] . In other cases, the effect of density dependence (intra-or interspecifically) may be prevented by the NAO. For example, negative effects of the NAO on breeding density of the collared flycatcher allowed a less strong interspecific competitor (the pied flycatcher, which is not affected by the NAO) to live in sympatry [Saetre et al., 1999] . For plants, changing land use and atmospheric nitrogen deposition have had greater impacts on plants (at least in the north) than climate change to date [T. Callaghan, personal communication] .
It is also evident that many climatic effects depend on other ecological factors (i.e., interactions). For large mammalian populations it is commonly observed that effects of severe winter weather may have a stronger impact on survival at high density [Sauer and Boyce, 1983; Portier et al., 1998 ]. Such interactions have also been reported between density dependence and the NAO [Post and Stenseth, 1999; Coulson et al., 2001] . Similar relations apply also for plants. Rare and preferred plant species are often over-utilized by herbivores, which means that plants that have managed to invade new areas will be killed or at least suppressed, thereby reducing the predicted rate of their movement in response to global change. The active role of animals must be taken into account to a much greater extent in modelling work on the climate-driven changes of vegetation zones [Danell et al., 1999; Niemelä et al., 2001; Holmgren et al., 2001] , as well as the interaction between climate and other ecological factors. For plants, increasing levels of CO 2 , UV-B and increasing fire in forests all interact with climate [T. Callaghan, personal communication] .
Any impact of the NAO will therefore to a large degree depend on other factors affecting the population biology of the particular species in question. It is therefore too simplictic to predict population abundances and demographic rates only based on the phase of the NAO, particularly if the responses are nonlinear [e.g., Mysterud et al., 2001b] .
FUTURE CHALLENGES
This tour of relationships between the NAO and different terrestrial ecosystem parameters poses some important questions and challenging methodological problems.
Studies on the potential impact of climate -and NAO variations -belong to three general classes: i) statistical modelling of time-series of population or ecosystem state parameters (e.g., population size; pattern-oriented approach sensu ); ii) statistical modelling of parameters describing population processes (e.g., survival; process-oriented approach sensu ); and iii) experimental manipulations of climatic conditions. Experiments based on adequate replication and randomization provide the best evidence for establishing causal relationships [e.g., Cox, 1992] , but for obvious reasons are difficult to implement at a scale consistent with climatic variability, let alone the NAO. Correlative studies, while being more realistic and leading to better replication, are on the other hand plagued with confounding issues, something particularly clear when studying the effects of the NAO: many pathways (e.g., increase in temperature, decrease in snow depth) are possible, different age and sex classes may be differentially affected by climate [Coulson et al., 2001] , and statistical considerations alone cannot unambiguously distinguish between different assumed models [e.g., . Process-oriented studies are an essential supplement to pattern studies as effects of climatic variables together with other parameters such as density are easier to assess directly given we adequately account for population structure with respect to age, sex and cohort [Coulson et al., 2001; Gaillard et al., 2001] . In plant science, there is a stronger tradition for doing experimental work relating to climate, in particular in greenhouses, but also long-term field manipulations have been performed [e.g., Stenström et al., 1997; De Valpine and Harte, 2001] . It is commonly assumed that it is close to impossible to do experiments with climate when it comes to animals, as many use large areas. The recent work on Svalbard reindeer (Rangifer tarandus platyrhynchus) provides therefore a rare example of how it is possible to manipulate climate (in this case snow depth) at a scale that is relevant to the animals [ Van der Wal et al., 2000; see also Walsh et al., 1997] . By adding or removing snow to plots, melting in spring was delayed or enhanced. This in turn affected both standing biomass and quality of the plants, and the subsequent selection of patches by rein-deer. We urge for more small-scale experimental work of this kind, as some proposed mechanisms remains poorly understood. For example, the correlation between the NAO index and the quality of the wheat crop in the U.K. was suggestively related to August rainfall, which correlated with the NAO [Kettlewell et al., 1999] . A problem related to this is therefore that, to our knowledge, no thorough climatological study has been done to try and relate the winter NAO to summer conditions. Further, the North Atlantic Oscillation is also a determinant of interannual variation in dust transport from Africa (which yearly is one billion tonnes) and possibly other aerosols [Moulin et al., 1997] , whereas the ecological impact on terrestrial ecosystems remains unexplored. Related to this is how series of specific events may become enhanced. Repeated periods of rain, melting and freezing can make foraging difficult for grazers and browsers [Yoccoz and Ims, 1999] , as well as negatively affect plant survival [Crawford, 2000] . Surprisingly, milder winters may lead to more frost damage as not all part of the plants are equally prone to freezing. Mild periods of winter weather that encouraged premature spring growth caused severe dieback of non-hardy shoots [Crawford, 2000] .
Methodological Challenges
The effects of large-scale climatic fluctuations on ecology have typically been assumed to be linear. With the eruption of new statistical methods such as generalized additive models (GAM) [Hastie and Tibshirani, 1990] , nonlinearities may easily be assessed without any restrictive assumptions regarding the functional relationship between the predictor variables (e.g., the NAO) and the response variable. There are (at least) two different ways in which the effect of the NAO on ecological systems may be expected to be nonlinear. Firstly, the NAO may not be linearly related to local climatic variables, and animals and plants are indeed expected to respond to the climate they experience at a local scale. Secondly, the animals or plants response to changes in local climate may not always be linear. Linearity may occur only at some particular scale. At present, there is only one case study reporting the former [Mysterud et al., 2001b] , while the second awaits further studies. It should be emphasized that the issue of non-linear responses may at least in part be an issue of scale, as transforming the predictor and/or the response variable may linearize the relationships. Non-monotonous relationships, such as found in Mysterud et al. [2001b] , cannot be linearized, however.
There is evidence that climate change may lead to a higher frequency of more extreme events [e.g. Meehl et al., 2000; Easterling et al., 2000] . It is generally regarded that the spatio-temporal distribution of extreme events are often ecologically more significant than seasonal mean values [Seastedt and Knapp, 1993; Yoccoz and Ims, 1999; Danell et al., 1999; . Increased environmental variance has in general a negative effect on population growth, and non-linear relationships between climate and population processes imply that a change in climatic variability will affect the mean value of a process, even if the mean value of the climatic parameter remains the same [May, 1986; Caswell, 2001] . One example of such a nonlinear response to a linear increase in temperature is the effect of frost formation [see the review of Inouye, 2000] . For example, the physiological consequence of formation of ice crystals in plant tissue is often plant death, or at least damage of sensitive parts that can include flower buds, ovaries and leaves [Inouye, 2000] . During years of lower snow accumulation, an early-blooming herbaceous perennial (Delphinium nelsonii) experienced colder temperatures between the period of snowmelt and flowering [Inouye and McGuire, 1991] . Flowering was delayed, floral production was lower, and flowering curves were more negatively skewed in years of low snow accumulation [Inouye and McGuire, 1991] . Corroborative evidence derives from experimental work in the Rocky Mountains, were a major effect of warming was to protect the plant Helianthella quinquenervis from frost damage [De Valpine and Harte, 2001 ] -illustrating the importance of extreme weather events. Another example of a nonlinear response to climate is the eggs of the autumnal moth Epirrita autumnata that die at ca. -36 o C [Niemelä, 1979; Tenow and Nilssen, 1990; Danell et al., 1999] . The result of low winter temperatures will be seen along the mountain slopes during the next summer if there is an outbreak year. In the valley bottoms, if the winter temperature passes the critical freezing tolerance of the eggs, there will be almost no defoliated birches while heavily defoliated trees will occur at higher, warmer (in winter) altitudes. Warming and a changing frequency of extreme cold events may lead to expansion of the outbreak areas whereas refuge areas with no outbreaks will decrease in size [Danell et al., 1999; Niemelä et al., 2001] . However, warming may also lead to an increase in parasitoid abundances, which are likely to play an important role in the regulation of moths populations [Ruohomäki et al., 2000] . This again emphasizes the importance of considering different pathways when analyzing the consequences of climatic change.
Capturing the Ecology of Climate Fluctuations: Which NAO Index to use?
Several indices for the NAO have been defined [notably those by Walker and Bliss, 1932; Rogers, 1984; Hurrell, 1995; Jones et al., 1997] . Ecologists have mainly used Hurrell's winter (December through March) index based on the difference of normalized sea level pressures (SLP) between Lisbon, Portugal and Stykkisholmur, Iceland. However, other locations are also used [Jones et al., this volume] . Mysterud et al. [2001b] studied the effect of the NAO on sheep and red deer body weight and the results using December-March NAO indices with the southern station from either the Azores, Lisbon or Gibraltar were very similar. Indeed the correlations between these NAO winter-indices are so high [Jones et al., this volume] that it should generally not be of any concern to ecologists studying the effects of the NAO. The seasonal aspect is of greater importance. Since the NAO is most pronounced during winter, when it accounts for more than one third of the variability in sea-level pressure [Cayan, 1992] , an index for this period should generally be most suited for studying ecological effects [but see Post et al., 1999c; Esteves and Orgaz, 2001] , also when these effects are measured later on in the year. However, Portis et al. [2001] have recently introduced a "mobile" NAO index (NAOm) where the locations of the northern and southern nodes are allowed to shift geographically with season. The NAOm is defined as the difference between normalized SLP anomalies at the locations of maximum negative correlation between the subpolar and subtropical nodes. This new NAO index could be useful for studies involving other seasons than winter, including many ecological investigations.
The various NAO indices thus defined are useful in their ability to represent the main patterns of weather variability over a large area (e.g., sea-level atmospheric pressures over the North Atlantic), as well as with respect to their simplicity (atmospheric pressures at two locations, or a leading empirical orthogonal function of atmospheric pressure). An index that is best at representing weather patterns may not necessarily be the best or even appropriate at capturing the climatic effects on terrestrial ecosystems. Indeed, the examples presented above show clearly that the links between the NAO and ecosystems occur through many different pathways, and therefore a better local index could perhaps be constructed from local climate variables. Another limitation is that the relationship between the NAO and local climatic variables may change over time [i.e., nonstationarity; Jones et al., this volume] , and hence limit the time period for which effects on ecosystems can be predicted from known relationships with the NAO (for an example of a different impact of the NAO depending on time period, see [Solberg et al., 2002] ). However, a NAO index has some clear advantages, such as stressing the correlations between different climatic components (e.g., precipitation and temperature on the west coast of Norway). An interesting question is to understand to what extent the NAO represents climatic effects on terrestrial ecosystems, and if there is any systematic pattern in the unexplained part that could be related to other large-scale circulation patterns (e.g., the second empirical orthogonal function). Recent analyses of weather modelling (especially of sea level pressure) are based on nonlinear Principal Component Analysis (PCA) and show a pattern of variation somewhat different from the NAO (being based on linear PCA) [Monahan et al., 2000; Monahan et al., 2001] . In the future, we might therefore obtain improved climatic functions that may be better suited than the NAO in predicting temporal and spatial variation in climate.
The interactive role of biologists, climatologists and statisticians will certainly be useful in order to further advance the insight on the effect of the NAO on terrestrial ecosystems. It is evident to us that ideas for climatologically interesting work have already surfaced from the work on terrestrial ecosystems (e.g., the nonlinear relations between the NAO and local climate) [Mysterud et al., 2001b] . There are further issues and questions raised by ecologists that need a climatological investigation. We wish to emphasize that insights from detailed biological studies provide not only ideas about small-scale variations in climate that may profoundly influence ecosystems, but also how a large-scale climatic phenomenon such as the NAO influences local climate.
